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ABSTRACT 

Buried offshore pipelines are crucial for the swift transportation of oils and similar fluidised 

materials from the oil rigs to the processing centre or vice versa. However, offshore pipelines 

are susceptible to buckling due to their high slenderness ratio, and the resistance to such 

displacement relies on pipeline stiffness and soil resistance. A novel alternative of integrating 

radial fins into these pipelines was explored through a series of 1g laboratory model tests and 

numerical methods to mitigate the global buckling of pipelines by enhancing the global 

buckling resistance. Thus, in this study, the pipe soil interaction during the global buckling of 

a fin-integrated pipe section (FP) has been explored and compared with the buckling behaviour 

of a regular pipeline to understand the feasibility of the FP in improving the buckling behaviour 

of a pipe section. To fulfil this primary objective, a series of scaled model tests have been 

performed, followed by several finite element analyses, by varying the number and orientation 

of radial fins, pipe embedment depth, strength parameters of soil, and the direction of buckling-

induced pipe movement. In the current study, the pipe-soil interaction of the offshore pipelines 

was considered for surface-laid pipelines subjected to vertical penetration and buried pipe 

sections subjected to vertically upward and lateral displacement due to thermal buckling. 

Furthermore, the load-displacement behaviour of the pipe, pressure around the pipe section, 

soil surface heaving, and the displacement field within the surrounding soil were examined 

thoroughly and illustrated and discussed comprehensively. The observation from the 

experimental studies and the prediction from the numerical studies helped to understand the 

buckling behaviour of offshore pipelines, along with the efficiency of the radial fins in 

enhancing the buckling resistance of the pipe sections. Moreover, a sensitivity analysis 

revealed the impact of various soil and geometric parameters on the buckling resistance and 

their order of influence. Finally, a general optimized pipe section was proposed to resist 
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buckling in each direction by balancing the material consumption and the buckling resistance 

provided by the particular fin configuration. 
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सार 

दफ़न की गई अपतटीय पाइपलाइनों का तेल एवं अन्य तरल पदार्थों को तेल ररग से प्रसंस्करण 

कें द्र या इसके ववपरीत पररवहन करने में अत्यधिक महत्व है। तर्थावप, अपतटीय पाइपलाइनों 

में उनके उच्च पतलेपन अनुपात के कारण बकललगं (मोड़ने) की प्रववृि होती है, और इस प्रकार 

के ववस्र्थापन का प्रततरोि पाइपलाइन की कठोरता और लमट्टी के प्रततरोि पर तनर्भर करता है। 

इस समस्या के समािान हेतु, इन पाइपलाइनों में रेडियल फिन्स को एकीकृत करने का एक 

नवीन ववकल्प प्रस्ताववत फकया गया है। इस अध्ययन में 1g प्रयोगशाला मॉिल परीक्षणों और 

संख्यात्मक ववधियों की एक श्ृंखला के माध्यम से पाइपलाइनों की वैश्ववक बकललगं को कम 

करने और उनकी बकललगं प्रततरोि क्षमता को बढाने का प्रयास फकया गया। 

इस शोि में फिन-समाहहत पाइप खंि (FP) के वैश्ववक बकललगं के दौरान पाइप-लमट्टी परस्पर 

फिया का वववलेषण फकया गया और इस ेपरंपरागत पाइपलाइन के बकललगं व्यवहार से तुलना 

की गई, श्िससे पाइप खंि के बकललगं व्यवहार में सुिार के ललए FP की व्यवहायभता को 

समझा िा सके। इस उद्देवय की पूतत भ हेतु, ववलर्न्न स्केल्ि मॉिल परीक्षण फकए गए, श्िनका 

अनुसरण संख्यात्मक तत्वीय वववलेषण द्वारा फकया गया। इन वववलेषणों में रेडियल फिन्स की 

संख्या और अलर्ववन्यास, पाइप की गहराई, लमट्टी के शश्तत मापदंि, और बकललगं-प्रेररत 

पाइप ववस्र्थापन की हदशा में पररवतभन फकया गया। 

अध्ययन में सतह पर श्स्र्थत पाइपलाइनों के ऊध्वाभिर प्रवेशन तर्था र्थमभल बकललगं के कारण 

ऊध्वाभिर ऊपर और पाववभ ववस्र्थापन के अिीन दफ़न पाइप खंिों की पाइप-लमट्टी परस्पर फिया 

पर ववचार फकया गया। इसके अततररतत, पाइप के र्ार-ववस्र्थापन व्यवहार, पाइप खंि के चारों 

ओर का दबाव, लमट्टी की सतह पर होने वाले उर्ार, तर्था आसपास की लमट्टी में ववस्र्थापन 

क्षेत्र का वववलेषण फकया गया। इन अवलोकनों को गहनता से धचत्रत्रत और चचाभ की गई। 
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प्रयोगात्मक और संख्यात्मक अध्ययनों से प्राप्त तनष्कषों ने अपतटीय पाइपलाइनों के बकललगं 

व्यवहार को समझने तर्था पाइप खंिों की बकललगं प्रततरोि क्षमता को बढाने में रेडियल फिन्स 

की प्रर्ावशीलता को प्रमाणणत फकया। इसके अततररतत, संवेदनशीलता वववलेषण ने बकललगं 

प्रततरोि पर ववलर्न्न लमट्टी एवं ज्यालमतीय मापदंिों के प्रर्ाव और उनके अनुिम को रेखांफकत 

फकया। अंततः, सामग्री खपत और ववलशष्ट फिन ववन्यास द्वारा प्रदान फकए गए बकललगं 

प्रततरोि के बीच संतुलन स्र्थावपत करते हुए प्रत्येक हदशा में बकललगं का प्रततरोि करने हेत ु

एक सामान्यीकृत अनुकूललत पाइप खंि प्रस्ताववत फकया गया। 
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kv   Limiting value for the lateral resistance. 

kt  Rate of strength increase per decade 

K  Coefficient of lateral earth pressure; 

L  Buckle length. 

L0  Buckle length of the imperfection topology. 

Lcr  Critical length of pipeline (Zhu et al. 2015). 
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Mcr  Ultimate bending moment of an initially dented pipeline. 

Mi  Ultimate bending moment of an intact pipeline. 

Nc  Capacity factor, a function of pipe roughness = 10 

Nch  Lateral interaction factor dependent on burial depth ratio. 

Np  Bearing capacity factor of the pipeline and function of the pipeline 

roughness (9.14 < Np < 11.94) (Bransby et al. 2002) 

Nu  Uplift capacity factor. 

Nh  Horizontal capacity factor. 

Nu(weightless)  Uplift capacity factor of soil considering weightless soil. 

Nu0  Uplift capacity for pipe placed at the surface of weightless soil. 

Nu(limit)  Limiting values of Nu(weightless) as proposed by Randolph and Houlsby 

(1984). 

𝑝ℎ Hydrostatic pressure. 

pi  Internal pressure on the pipeline. 

P  Axial compressive force. 

Pc  Collapse pressure for a pipeline. 

Pcr  Critical axial force. 

Po  Yield pressure of the pipeline. 

Pp  Buckle propagation pressure. 

Psuction  Additional suction force per unit length. 

Pv  Net uplift force per unit length. 

Pv,total  Total uplift force per unit length. 

q  Vertical distributed force on the pipeline. 

qu  Collapse load of an anchor. 

r Outer radius of the pipeline. 

rm Mean radius = (D-t)/2 . 

su  Undrained shear strength of soil. 

sum  Shear strength of soil at mud-line. 

su0  Original shear strength prior to any rate effect or softening. 

su,eff  Effective undrained shear strength of soil at considered depth. 
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su,ref  Undrained shear strength at the soil surface. 

St  Sensitivity of clay. 

t  Pipe wall thickness. 

tcon  Time of consolidation. 

tplough  Depth of ploughing. 

Ti   Initial temperature of pipeline. 

Tif  Temperature of transporting product. 

Ts  Ambient temperature. 

ΔT  Temperature difference between transporting fluid and the outside of 

pipe. 

Δu  Displacement rate. 

u  Displacement of pipeline. 

U  Average degree of consolidation. 

VH  Horizontal resistance on pipeline. 

VH,res   Residual horizontal resistance on pipeline. 

VH,berm  Berm resistance during large pipe displacement. 

VH,max  Maximum horizontal resistance on pipeline. 

Vp  Penetration resistance on pipeline. 

Vt  Total ultimate uplift force of the pipeline. 

Vu  Uplift resistance on pipeline. 

Vu,max  Vertical bearing capacity on pipeline. 

H  Pipe embedment depth (distance between the top surface of sea-bed and 

the top of the pipeline). 

wd  Reverse embedment depth or depth of the pipe bottom from the top of 

the soil-bed. 

wh  Depth from sea-bed to the bottom of the anchor;  

WP  Pipe weight per unit length. 
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Ws  Total weight of the soil block above the pipe per unit length. 

Ws'   Effective (buoyant) weight of the soil block above the pipe per unit 

length. 

Wp'  Effective (buoyant) weight of the pipe per unit length. 

Va  Axial resistance of pipes. 

Va,max  Maximum axial resistance of pipes. 

z  Thickness of soil layer. 

Z  Considered depth within the seabed. 

Zw  Water depth. 

  Thermal expansion coefficient of Steel. 

a  Activation factor for the clay strength which is between zero and unity. 

d  Dirac’s function determined by elastic or plastic state. 

β1 and β2  Skew parameters. 

β3 Curve fitting parameter. 

p  Unit weight of steel. 

ref    Reference shear strain rate. 

s  Effective unit weight of soil. 

s'  Submerged unit weight of soil. 

δ  Function of normalised berm area (Aberm/D2) and berm resistance, 

(VH,berm). 

δa  Axial displacement of pipeline. 

δa,max  Axial displacement corresponding to Va,max. 

δu,max  Displacement corresponding to Vu,max. 

δu  Vertical displacement. 
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δH  Horizontal displacement. 

δH,max  Horizontal displacement corresponding to VH,max. 

B  Bending strain of pipeline. 

T  Tangent modulus. 

S  Secant modulus. 

εu  Total strain at ultimate strength of steel. 

95  Accumulated plastic strain at which 95% soil strength reduction occurs 

by remoulding 

θ  Friction angle for the pipeline-cover interface 

  Slope of recompression curve. 

λ  Compressibility of soil. 

λ1 and λ2 Curve fitting parameter 

λ3  Normalized dent length in the pipe hoop direction 

  Coefficient of friction between the soil and the model pipe 

ir  Interface roughness 

it  Interface tensile capacity 

L  Lateral friction coefficients  

p  Poisson's ratio of steel 

ph  Horizontal pipeline penetration rate 

pv  Vertical pipeline penetration rate 

s  Poisson's ratio of soil 

c  Density of the outer concrete coating of pipeline  

if  Density of transporting material through the pipeline 
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i  Density of the transporting 

p’  Submerged Density of steel 

s’  Submerged Density of soil 

w  Density of seawater 

ᓂo  API yield stress (0.5% strain offset)  

ᓂu  Specified minimum tensile strength of steel 

ᓂv'  Effective stress in the backfill 

ᓂy Specified minimum yield strength of steel 

int Pipe/soil interface shear strength 

u,ave  Average drained  shear strength 

  Friction angle of soil 

  Dilation angle of soil 
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LIST OF ABBREVIATIONS 

ALA American Lifeline Alliance 

API American Petroleum Institute 

CMOS Complementary Metal-Oxide Semiconductor 

DNV Det Norske Veritas 

DSLR Digital Single-Lens Reflex 

FE Finite Element 

FP Fin-integrated Pipe section 

FT Full Tension condition 

HP-HT High pressure-high temperature 

IS Indian Standard code 

LVDT Linear Variable Differential Transducer 

MC Mohr Coulomb model 

MCC Modified Cam Clay model 

MPT Miniature Pressure Transducers 

NT No Tension condition 

ROI Region Of Interest 

RP Regular Pipe section 

scm standard cubic meters 
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